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What do we know?
• The standard model

• Describes known particles and 
interactions

• Does not describe

• Spontaneous symmetry breaking of 
U(1)×SU(2)

• Fermion masses

• Simple explanation: Higgs mechanism

• Explains EWSB and fermion masses

• Would result in physical particle: Higgs 
boson (spin-0)

• Higgs boson yet unobserved

• Production and decay predicted

• Mass has to be determined 
experimentally
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What do we know (about the unknown)?
• Electroweak sector of the standard model (SM) 

is constrained by

• These constants are all related to mW by

• Radiative corrections Δr dominated by top and 
Higgs loops

• Precision measurements in mW and mtop 
constrain SM Higgs mass

• mH<157 GeV/c2 @ 95% CL

• Direct searches at LEP: mH>114 GeV/c2

• Low mass preferred? 
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The Tevatron at Fermilab

• 1.96 TeV ppbar collider

• Highest energy collider in the world

• Some numbers:

• Typical initial luminosity > 3×1032 cm-2s-1

• Record: 4.0×1032 cm-2s-1!!

• Typical week: ~50 pb-1

• Record: 73 pb-1

• 2009 LHC run (10µb-1): Tevatron in 0.1s!

• Nearly 9 fb-1 delivered to each experiment

• Long-term plans: >10 fb-1 per experiment

• Run through FY2011

• Maybe more?
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Integrated luminosity at CDF
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What to look for?

• Separate according to decays:

• Low mass [mH<135 GeV]:

• Decays dominated by H→bƃ
• gg→H→bƃ difficult to see 

experimentally

• Rely on primarily on associated 
production with W or Z

• High mass [mH>135 GeV]: 

• Decays dominated by H→W+W-

• Easiest to look for leptonic decays of 
Ws

• Considerable contribution from VBF 
and associated production
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The strategy

• Searching for a low mass SM Higgs needs:

1. A good detector

2. Defining a data sample

a. Trigger

b. Event selection

3. Extracting a small signal: advanced 
analysis tools

4. Open the box: set a limit if no signal seen

5. Go back and improve on 1-4

• Not unique to Higgs searches

• All steps have been successfully applied to 
other rare processes observed at the 
Tevatron (e.g. single top, diboson)

• Cover as many decay channels as possible

• Combine CDF+DØ
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Low mass Higgs searches at CDF

• Associated production

• Identified leptons (e, µ)

• WH→lνbƃ
• ZH→llbƃ

• Invisible leptons

• WH→(l)νbƃ, ZH→ννbƃ
• Other channels

• All jets: VH→qqbb + VBF

• Numerous final states involving taus

• H→γγ
• H→WW

• Combine all channels to establish best limits
• Or see a signal!
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Step 1: The Detector
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Step 2a: Defining a sample for ZH→llbb

• Z→e+e-,µ+µ-, trigger on high-pT lepton
• e, µ, with pT>18 GeV, central

• Missed anything?
• Try not requiring tracks 
• “Z-no track” trigger

• 2 EM towers, ET>18 GeV each

• Trigger requirements define first (“probe”) lepton 
in event
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ZH:Background
~8:400,000,000
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Step 2b: Further event selection

• Reconstruct a Z
• Allow second lepton to have much looser 

selection

• pT>10 GeV

• Forward electrons

• Electrons in un-instrumented calorimeter 
region (“crack tracks”)

• Require 76 < mll < 106 GeV

• Divide sample by expected sample purity

• Reconstruct the Higgs

• Require ≥2 jets, ET>15 GeV (at least one ET>25 
GeV)

• This sample is our “PreTag” sample
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Refining events: neural network jet correction
• No neutrinos in ZH events

• Missing ET primarily results from jet 
mis-measurement

• Correct jet energies to parton level

• Topology specific vs. generic jet 
corrections

• (Jet1, Jet2) = F(Jet variables, MET 
variables)

• Train a Neural Network

• Use simulated ZH events

• Improves dijet mass resolution by 
10-18%

12

e+

e-

jet

jet

ET



Bo JayatilakaUCI Seminar, 6/2/10

Refining events: neural network jet correction
• No neutrinos in ZH events

• Missing ET primarily results from jet 
mis-measurement

• Correct jet energies to parton level

• Topology specific vs. generic jet 
corrections

• (Jet1, Jet2) = F(Jet variables, MET 
variables)

• Train a Neural Network

• Use simulated ZH events

• Improves dijet mass resolution by 
10-18%

12

e+

e-

jet

jet

ET



Bo JayatilakaUCI Seminar, 6/2/10

Refining events: neural network jet correction
• No neutrinos in ZH events

• Missing ET primarily results from jet 
mis-measurement

• Correct jet energies to parton level

• Topology specific vs. generic jet 
corrections

• (Jet1, Jet2) = F(Jet variables, MET 
variables)

• Train a Neural Network

• Use simulated ZH events

• Improves dijet mass resolution by 
10-18%

12

e+

e-

jet

jet

ET



Bo JayatilakaUCI Seminar, 6/2/10

A word about backgrounds

• Backgrounds with real Zs

• Dominant background

• Model separately for events with real heavy flavor and without

• Incorrect tagging rate determined from data

• Backgrounds without real Zs

• ttbar

• Heavy diboson (WW, WZ, ZZ)

• Instrumental fakes

• Modeled using data

• Much higher rate for low S/B sample

13
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Sample validation: PreTag

14

ZH:Background
~5:14,000
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Sample validation: PreTag
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Identifying b-jets

• Displaced secondary vertices: indicative of long-
lived B hadrons

• Two algorithms

• Decay lifetime (“SecVtx”)

• Considered at two operating points (“tight” 
and “loose”)

• Impact parameter (“JetProb”)

• Require at least one tag in all events

• Split sample up further by tags present

• 2 tight SecVtx tags, or

• 1 loose SecVtx+1 JetProb, or
• 1 tight SecVtx tag only

16
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Analysis samples

17

ZH:Background
~3:600
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Step 3: Extracting a signal

• Expected signal rate makes counting experiment 
impossible
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Step 3: Extracting a signal

• Expected signal rate makes counting experiment 
impossible

• Dijet mass is a better discriminator 

• So are a bunch of other variables

• Exploit all possible information in an event: 
multivariate discriminants

• Devise function that discriminates signal-like 
events from background-like

• Takes in as many measured quantities as 
possible

• Examples: 

• Matrix element (ME) probabilities

• Artificial neural networks (NN)

• Boosted decisions trees

18
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Do they work?

• Can we discover rare processes using these 
techniques? Yes

• Single top at both CDF and DØ

• Hadronic decays of dibosons: very similar 
final states to low mass Higgs
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Signal enhancement: ME probabilities	

• Calculate differential cross section for a given process

• Uses leading-order matrix element

• Easily obtained from ME generators

• Transfer functions to link measured quantities to parton-level quantities

• Calculate for signal and background processes
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Discriminating with ME probabilities

21

• Combined probability

• Form likelihood as function of signal fraction

P (x|s,MH) = s · PZH(x|MH) + (1− s) · Pb(x)
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Signal enhancement: Neural networks

• Train NN to separate Z+jets from ZH

• Consider ~40 variables (dijet mass, MET, Z 
pT, etc)

• Push ZH-like events high, Z+jet events low

• Network does great until we consider ttbar

22
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Signal enhancement: Neural networks

• Train NN to separate Z+jets from ZH

• Consider ~40 variables (dijet mass, MET, Z 
pT, etc)

• Push ZH-like events high, Z+jet events low

• Network does great until we consider ttbar

• Can cut on ttbar but placing a MET cut

• sacrifices signal

• Train another NN to separate ttbar from ZH

• Cut on the output of this NN?

• Really need both NNs
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2D Neural Net

• Train NN with two outputs, using Z+jj, ttbar and ZH events
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2D Neural Net

• Train NN with two outputs, using Z+jj, ttbar and ZH events

• Train separate NNs for each sample (low vs. high S/B, tagging categories)
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2D Neural Net
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115

Figure 8.7: NN variables. Variables are added sequentially until the testing error is mini-
mized. Ptt = tt̄ matrix element, Pzh = ZH matrix element, Pjj = Z + jets matrix element
and kNN = flavor separator output.

115

Figure 8.7: NN variables. Variables are added sequentially until the testing error is mini-
mized. Ptt = tt̄ matrix element, Pzh = ZH matrix element, Pjj = Z + jets matrix element
and kNN = flavor separator output.

115

Figure 8.7: NN variables. Variables are added sequentially until the testing error is mini-
mized. Ptt = tt̄ matrix element, Pzh = ZH matrix element, Pjj = Z + jets matrix element
and kNN = flavor separator output.

Bo JayatilakaUCI Seminar, 6/2/10

With 2.4-2.7 fb-1

• Perform analysis with 2D NN and ME separately

• 2D NN, 2.4 fb-1

• Observe (expect) 11.6 (11.8)×σSM @95% CL 
for mH=115 GeV

• ME, 2.7 fb-1

• Observe (expect) 8.2 (12.1)×σSM @95% CL 
for mH=115 GeV

• Phys. Rev. D 80, 071101 (2009) Rapid Comm. 

• How overlapping is the information?

• Feed in ME probabilities as potential input 
variables for ME

• ME probabilities consistently rank high

• Including ME probabilities improves results over 
NN alone by up to 15%
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NN Validation
• Project 10% slice in ttbar direction along Zjj vs. ZH axis

• Train separate NN for each subsample

26
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Systematic uncertainties
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Step 4: Results

28

• All samples consistent with background

• Set combined limits for mH [100,150]GeV

• Observe (expect) 5.9 (6.8)×σSM @95% 
CL for mH=115 GeV
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WH→lνbb

• Largest cross section of VH states with 
identified lepton

• Select events with high-pT electron or 
muon, 2 or 3 jets at least one with a b-tag, 
and large missing ET

• As with ZH, can use NN to improve dijet 
mass resolution

• Dominant backgrounds are W+jets, QCD 
multijet and top

• Split sample up according to number of 
jets and tags
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WH→lνbb results

• Use a ME probability calculation (“EPD”) for signal enhancement

• 4.8 fb-1 Observe (expect) 3.3 (3.8)×σSM @95% CL for mH=115 GeV

• Brand new result: not included in latest combination
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VH→bb+ET

• Includes contributions from 

• WH→(l)νbƃ
• ZH→ννbƃ

• Select events with large missing ET and jets with at 
least 1 b-tag

• Exclude identified leptons

• Ensures independent channel from other VH 
searches

• Backgrounds by source of missing ET

• Instrumental: QCD multijet

• Real: W/Z+jets, top, diboson

• Large QCD background drives analysis design

• Model using data

• Use NN to separate QCD background 
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VH→bb+ET results

• Use a NN discriminant for signal enhancement

• 3.6 fb-1 Observe (expect) 6.1 (4.2)×σSM @95% CL for mH=115 GeV
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All channels
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TABLE II: Luminosity, explored mass range and references for the different processes and final state (! = e, µ) for the CDF
analyses

Channel Luminosity (fb−1) mH range (GeV/c2) Reference
WH → !νbb̄ 2-jet channels 3×(TDT,LDT,ST,LDTX) 4.3 100-150 [4]
WH → !νbb̄ 3-jet channels 2×(TDT,LDT,ST) 4.3 100-150 [5]
ZH → νν̄bb̄ (TDT,LDT,ST) 3.6 105-150 [6]
ZH → !+!−bb̄ (low,high s/b)×(TDT,LDT,ST) 4.1 100-150 [7]
H → W +W− (low,high s/b)×(0,1 jets)+(2+ jets)+Low-m!! 4.8 110-200 [8]
WH → WW +W− → !±ν!±ν 4.8 110-200 [8]
H + X → τ+τ− + 2 jets 2.0 110-150 [9]
WH + ZH → jjbb̄ 2.0 100-150 [10]

TABLE III: Luminosity, explored mass range and references for the different processes and final state (! = e, µ) for the D0
analyses

Channel Luminosity (fb−1) mH range (GeV/c2) Reference
WH → !νbb̄ 2×(ST,DT) 5.0 100-150 [11]
V H → ττbb̄/qq̄ττ 4.9 105-145 [12, 13]
ZH → νν̄bb̄ (ST,TLDT) 5.2 100-150 [14]
ZH → !+!−bb̄ 2×(ST,DT) 4.2 100-150 [15]
WH → WW +W− → !±ν!±ν 3.6 120-200 [16, 17]
H → W +W− → !±ν!∓ν 5.4 115-200 [18]
H → γγ 4.2 100-150 [19]
tt̄H → tt̄bb̄ 2×(ST,DT,TT) 2.1 105-155 [20]

in each channel is large. Therefore, the task of assembling histograms and checking whether the expected and observed
limits are consistent with the input predictions and observed data is difficult. We therefore provide histograms that
aggregate all channels’ signal, background, and data together. In order to preserve most of the sensitivity gain that is
achieved by the analyses by binning the data instead of collecting them all together and counting, we aggregate the
data and predictions in narrow bins of signal-to-background ratio, s/b. Data with similar s/b may be added together
with no loss in sensitivity, assuming similar systematic errors on the predictions. The aggregate histograms do not
show the effects of systematic uncertainties, but instead compare the data with the central predictions supplied by
each analysis.

The range of s/b is quite large in each analysis, and so log10(s/b) is chosen as the plotting variable. Plots of the
distributions of log10(s/b) are shown for mH = 115 and 165 GeV/c2 in Figure 1. These distributions can be integrated
from the high-s/b side downwards, showing the sums of signal, background, and data for the most pure portions of
the selection of all channels added together. These integrals can be seen in Figure 2. The most significant candidates
are be found in the bins with the highest s/b; an excess in these bins relative to the background prediction drives
the Higgs boson cross section limit upwards, while a deficit drives it downwards. The lower-s/b bins show that the
modeling of the rates and kinematic distributions of the backgrounds is very good. The integrated plots show the
excess of events in the high-s/b bins for the analyses seeking a Higgs boson mass of 115 GeV/c2, and a deficit of events
in the high-s/b bins for the analyses seeking a Higgs boson of mass 165 GeV/c2.

IV. COMBINING CHANNELS

To gain confidence that the final result does not depend on the details of the statistical formulation, we perform
two types of combinations, using the Bayesian and Modified Frequentist approaches, which yield results that agree

Bo JayatilakaUCI Seminar, 6/2/10

Now double the dataset

34
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Low mass combination

• Two independent methods (Bayesian, modified Frequentist)

• Combined CDF+DØ sensitivity at mH=115 GeV is now 1.78×σSM 

• Observed limit of 2.70×σSM at mH=115 GeV
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High mass combination

• SM Higgs excluded @95% CL for mH=163-166 GeV/c2

• First Higgs exclusion since LEP

36
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High mass combination

• SM Higgs excluded @95% CL for mH=163-166 GeV/c2

• First Higgs exclusion since LEP
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We combine searches by the CDF and D0 Collaborations for a Higgs boson decaying to WþW". The
data correspond to an integrated total luminosity of 4.8 (CDF) and 5.4 (D0) fb"1 of p !p collisions atffiffiffi
s

p ¼ 1:96 TeV at the Fermilab Tevatron collider. No excess is observed above background expectation,

and resulting limits on Higgs boson production exclude a standard model Higgs boson in the mass range

162–166 GeV at the 95% C.L.

DOI: 10.1103/PhysRevLett.104.061802 PACS numbers: 14.80.Bn, 13.85.Rm

Finding the last unobserved fundamental particle in the
standard model (SM), the Higgs boson, is a major goal of
particle physics, and the search for its existence is a central
component of Fermilab’s Tevatron program. Direct
searches at the CERN LEP collider have set a limit on
the Higgs boson mass ofmH > 114:4 GeV at the 95% C.L.
[1]. Combining this limit with precision electroweak mea-
surements constrains the mass of the SMHiggs boson to be
less than 186 GeV at the 95% C.L. [2]. The favored mass
range therefore places the SM Higgs boson within the
reach of the experiments at the Fermilab Tevatron collider.

In this Letter, we combine searches for Higgs bosons
(H) decaying to WþW" performed by the CDF and D0
Collaborations [3,4]. These searches are particularly sen-
sitive to a Higgs boson with mass 130<mH < 200 GeV.
The data analyzed correspond to integrated luminosities of
4:8 fb"1 and 5:4 fb"1 collected with the CDF and D0

detectors, respectively. We use all significant production
modes, namely, gluon-gluon fusion (gg ! H), associated
production (q !q ! WH or ZH), and vector boson fusion
(q !q ! q !qH, where the quarks radiate weak gauge bosons
that fuse to form the H, and is referred to as VBF).
The event selections used in the CDF and D0 analyses

are similar. Both collaborations select events with large
missing transverse energy and two oppositely charged,
isolated leptons, targeting the H ! WþW" signal in
which bothW bosons decay leptonically. The D0 selection
classifies events in three channels, eþe", e$!%, and
!þ!". The CDF selection separates opposite-sign dilep-
ton candidate events into five nonoverlapping channels,
classifying events by their jet multiplicity (0, 1, or &2);
the 0- and 1-jet channels are further divided depending on
whether one or both leptons are in the central part of the
detector. In addition, CDF searches for Higgs boson events
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16LPC, Université Blaise Pascal, CNRS/IN2P3, Clermont, France
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47Sapienza Università di Roma, I-00185 Roma, Italy
48Istituto Nazionale di Fisica Nucleare Trieste/Udine, I-34100 Trieste, I-33100 Udine, Italy

49University of Trieste/Udine, I-33100 Udine, Italy
50Okayama University, Okayama 700-8530, Japan

51Osaka City University, Osaka 588, Japan
52University of Tsukuba, Tsukuba, Ibaraki 305, Japan

PRL 104, 061802 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

12 FEBRUARY 2010

061802-4

S. Pagan Griso,41,40,* C. Pagliarone,48,* E. Palencia,89,* M. Pangilinan,133,† V. Papadimitriou,89,* A. Papaikonomou,28,*

A.A. Paramanov,88,* N. Parashar,96,† V. Parihar,133,† S.-J. Park,27,† S. K. Park,55,† B. Parks,126,* J. Parsons,120,†

R. Partridge,133,† N. Parua,95,† S. Pashapour,6,* J. Patrick,89,* A. Patwa,124,† G. Pauletta,49,48,* M. Paulini,131,*

C. Paus,108,* T. Peiffer,28,* D. E. Pellett,80,* B. Penning,89,† A. Penzo,48,* M. Perfilov,62,† K. Peters,76,† Y. Peters,76,†

P. Pétroff,19,† T. J. Phillips,125,* G. Piacentino,42,* E. Pianori,130,* R. Piegaia,1,† L. Pinera,86,* J. Piper,113,† K. Pitts,94,*

C. Plager,82,* M.-A. Pleier,124,† P. L.M. Podesta-Lerma,57,†,ll V.M. Podstavkov,89,† M.-E. Pol,2,† P. Polozov,61,†

L. Pondrom,141,* A. V. Popov,63,† K. Potamianos,98,* O. Poukhov,60,*,a M. Prewitt,137,† D. Price,95,† F. Prokoshin,60,*,bb

A. Pronko,89,* S. Protopopescu,124,† F. Ptohos,89,*,j E. Pueschel,131,* G. Punzi,43,42,* J. Pursley,141,* J. Qian,111,†

A. Quadt,27,† B. Quinn,114,† J. Rademacker,77,*,d A. Rahaman,132,* V. Ramakrishnan,141,* M. S. Rangel,19,† K. Ranjan,34,†

N. Ranjan,98,* P. N. Ratoff,72,† I. Razumov,63,† I. Redondo,67,* P. Renkel,136,† P. Renton,77,* M. Renz,28,* M. Rescigno,46,*

P. Rich,76,† S. Richter,28,* M. Rijssenbeek,123,† F. Rimondi,38,37,* I. Ripp-Baudot,22,† L. Ristori,42,* F. Rizatdinova,129,†

S. Robinson,74,† A. Robson,71,* T. Rodrigo,68,* T. Rodriguez,130,* E. Rogers,94,* S. Rolli,109,* M. Rominsky,128,†

R. Roser,89,* M. Rossi,48,* R. Rossin,84,* P. Roy,6,* C. Royon,21,† P. Rubinov,89,† R. Ruchti,97,† A. Ruiz,68,* J. Russ,131,*

V. Rusu,89,* B. Rutherford,89,* H. Saarikko,15,* A. Safonov,135,* G. Safronov,61,† G. Sajot,17,† W.K. Sakumoto,122,*

A. Sánchez-Hernández,57,† M. P. Sanders,30,† B. Sanghi,89,† L. Santi,49,48,* L. Sartori,42,* K. Sato,52,* G. Savage,89,†

V. Saveliev,20,*,x A. Savoy-Navarro,20,* L. Sawyer,102,† T. Scanlon,74,† D. Schaile,30,† R. D. Schamberger,123,†

Y. Scheglov,64,† H. Schellman,93,† P. Schlabach,89,* T. Schliephake,31,† S. Schlobohm,140,† A. Schmidt,28,*

E. E. Schmidt,89,* M.A. Schmidt,90,* M. P. Schmidt,85,*,a M. Schmitt,93,* C. Schwanenberger,76,† T. Schwarz,80,*

R. Schwienhorst,113,† L. Scodellaro,68,* A. Scribano,44,42,* F. Scuri,42,* A. Sedov,98,* S. Seidel,118,* Y. Seiya,51,*

J. Sekaric,100,† A. Semenov,60,* H. Severini,128,† L. Sexton-Kennedy,89,* F. Sforza,43,42,* A. Sfyrla,94,* E. Shabalina,27,†

S. Z. Shalhout,112,* V. Shary,21,† A.A. Shchukin,63,† T. Shears,73,* P. F. Shepard,132,* M. Shimojima,52,*,v S. Shiraishi,90,*

R. K. Shivpuri,34,† M. Shochet,90,* Y. Shon,141,* I. Shreyber,61,* V. Simak,12,† A. Simonenko,60,* P. Sinervo,6,*

V. Sirotenko,89,† A. Sisakyan,60,* P. Skubic,128,† P. Slattery,122,† A. J. Slaughter,89,* J. Slaunwhite,126,* K. Sliwa,109,*

D. Smirnov,97,† J. R. Smith,80,* F. D. Snider,89,* R. Snihur,6,* G. R. Snow,115,† J. Snow,127,† S. Snyder,124,† A. Soha,89,*
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• Datasets at Tevatron continue to grow

• Expect ~10 fb-1/experiment analyzed by 2011

• SM Higgs excluded @95% CL for mH=[163,166] GeV

• Continued effort in improving low mass Higgs searches

• Combined CDF+DØ sensitivity at mH=115 GeV is now 1.78×σSM 

• Observed limit of 2.70×σSM at mH=115 GeV

• An exclusion over entire search range possible by end of Run II

• Or better yet, see hints of a signal? 


